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* 

* Search for ~all of these, produced either directly or in cascades 
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A “typical” SUSY Spectrum"
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Use the famous SPS1a benchmark point for illustration!
[m0=100, m12=250, tanβ=10, A0=-100, μ>0] !

Higgs 
sector 

sleptons 

charginos/ 
neutralinos 

gluino/ 
squarks 

LSP 

Advantage:!
!   Only four free 

parameters (when 
sign(μ) fixed) !

!   One of the most 
studied incarnations 
of the MSSM!

!
Disadvantage:!
!  Not generally 

representative of 
SUSY (e.g. fixed 
mass relation  
between Mgluion and 
MLSP) !

m0 ,m1/2 , tanβ,A0 , sign(µ)
CMSSM!



SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

PRESHOWER
Silicon strips ~16m2 ~137,000 channels

SILICON TRACKERS
Pixel (100x150 μm) ~16m2 ~66M channels
Microstrips (80x180 μm) ~200m2 ~9.6M channels

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

23rd July 2014 Henning Flaecher - SUSY 2014 Manchester 3 



4 

* 

23rd July 2014 Henning Flaecher - SUSY 2014 Manchester 



 [p
b]

σ
Pr

od
uc

tio
n 

C
ro

ss
 S

ec
tio

n,
  

-110

1

10

210

310

410

510

CMS PreliminaryFeb 2014

W 1j≥ 2j≥ 3j≥ 4j≥ Z 1j≥ 2j≥ 3j≥ 4j≥ γW γZ WW WZ ZZ WW
→γγ

qqll
EW γWV tt 1j 2j 3j t-cht tW s-cht γtt ttZ

σ∆ in exp. Hσ∆Th. 
ggH qqH

VBF VH ttH

CMS 95%CL limit

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 

7 TeV Theory prediction
8 TeV Theory prediction

23rd July 2014 Henning Flaecher - SUSY 2014 Manchester 5 

* 
* SUSY signal likely small compared to SM backgrounds 

W+jets 
Z+jets 

tt+jets 
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* 
* SUSY signal likely small compared to SM backgrounds 

W+jets 
Z+jets 

tt+jets 

100 fb   SUSY? 

di-boson 

Higgs 

Exponential drop of cross 
sections with jet pT & 

number of jets  

Inclusive cross sections are 
well measured but details 
of kinematic distributions 
are key for SUSY searches 
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* stops and sbottoms 
(special role wrt to 
Higgs) 

* gluinos and “light” 
squarks 
* search again for 

stop and sbottoms 
in gluino decays 

 
* charginos, 

neutralinos, sleptons 

* searches for Higgs in 
SUSY cascade decays 

* RPV searches 

 WGσLPCC SUSY 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1206.2892
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* 
* stops and sbottoms 
* Direct stop pair production 

SUS-13-015, SUS-14-011  

* Monojet search for stop-> charm χ1
0 

SUS-13-009 

* Search for sbottom production 
SUS-13-018 

* gluinos and “light” squarks 

* search again for stop and sbottom 
in gluino decays 
*  Inclusive search with MT2         

SUS-13-019 

*  Inclusive search with razor    
SUS-14-011 

* searches for Higgs in SUSY cascade 
* stop2 -> stop1 + higgs/Z search 

SUS-13-024 

* neutralino1 -> higgs + gravitino 
SUS-13-022 

* charginos, neutralinos, sleptons 
* channels with Higgs, Z & W bosons 

SUS-13-006, SUS-14-002 

* OS dilepton edge – SUS-12-019 

* GGM searches with photons – 
SUS-14-008 

* RPV searches 
* SUS-12-015, SUS-13-010 

* There are many many more results, please check: 

* https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS 
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* 
Physics Objects 

jets 

b-jets 

electrons 

muons 

dilepton pairs 
•  opposite sign 
•  same sign 
•  opposite flavour 
•  same flavour 

multileptons 

photons 

missing energy 

Decay products 

tops 

bottom 

light quarks 

W 

Z 

e 

mu 

photon 

neutrinos 

neutralinos 

Sparticles 

gluinos 

squarks (1st & 2nd gen)  

stops 

sbottom 

charginos 

neutralinos 

sleptons 

* split by no. of jets, b-jets, leptons, photons, … 

Many possible final states for decay of one particle – can get complicated quickly! 
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* 
Physics Objects 

jets 

b-jets 

electrons 

muons 

dilepton pairs 
•  opposite sign 
•  same sign 
•  opposite flavour 
•  same flavour 

multileptons 

photons 

missing energy 

Decay products 

tops 
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light quarks 
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e 

mu 

photon 

neutrinos 

neutralinos 

Sparticles 

gluinos 

squarks (1st & 2nd gen)  

stops 

sbottom 

charginos 

neutralinos 

sleptons 

given final state often sensitive to more than one decay chain 

* split by no. of jets, b-jets, leptons, photons, … 

✔ 

✔ 

✔ 

✔ 

✔ 

✔ 

✔ 

✔ 

✔ 

✔ 

✔ 

✔ 

✔ 
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Real Data  
Event Display 

multi-jet 
multi-b 
missing energy 
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* 
* Define signal regions such to keep 

expected backgrounds small, by using 
novel kinematic variables, e.g., αT, MT2, 
MCT, R2, MR etc.  

* Define background enriched control 
samples that are kinematically similar to 
signal region 

* Extrapolate from control -> signal regions 
using extrapolation factors derived from 
simulation and data wherever possible 

* Verify extrapolation and its accuracy from 
independent control regions 
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Figure 8: Projection of the sideband fit result in the 2b-Jet (top) and MultiJet (bottom) boxes on
MR (left) and R2 (right). The fit is obtained on the two sidebands and extrapolated to the rest of
the fit region. The blue line (band) represents total background prediction (error, including the
contribution due to the shape uncertainty and the statistical error). The separate contributions
from 1b-tag and � 2b-tag backgrounds are also shown. The bottom part of the plot shows the
bin-by-bin data yield normalized to the background, with the corresponding uncertainty.
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Figure 9: MultiJet box distribution of simulated standard model background events (left) and
pair-produced gluino events each decaying to two b quarks and a neutralino (right). The gluino
(neutralino) mass is fixed to 1325 GeV (50 GeV).

to accommodate a given effect. We built our background model such that the following sys-

3

For the dilepton boxes, we analyze the data in the R2-MR plane, inclusively in the b-tag multi-
plicity. The single lepton and hadronic boxes are binned according to their b-tag multiplicity:
1b-tag, 2b-tag, and � 3b-tag.

Table 1: Lepton, b-tag, kinematic, and jet multiplicity requirements for each of the ten boxes in
the razor analysis. The boxes are listed in decreasing hierarchy rank. The ranking is introduced
to unambiguously associate an event to a box.

Requirements
Box lepton b-tag kinematic jet

Dilepton Boxes

MuEle � 1 tight electron and � 1 b-tag (MR > 300 GeV and R2 > 0.15) and � 2 jets� 1 loose muon (MR > 450 GeV or R2 > 0.2)

MuMu � 1 tight muon and � 1 b-tag (MR > 300 GeV and R2 > 0.15) and � 2 jets� 1 loose muon (MR > 450 GeV or R2 > 0.2)

EleEle � 1 tight electron and � 1 b-tag (MR > 300 GeV and R2 > 0.15) and � 2 jets� 1 loose electron (MR > 450 GeV or R2 > 0.2)
Single Lepton Boxes

MuMultiJet � 1 tight muon � 1 b-tag (MR > 300 GeV and R2 > 0.15) and � 4 jets
(MR > 450 GeV or R2 > 0.2)

MuJet � 1 tight muon � 1 b-tag (MR > 300 GeV and R2 > 0.15) and 2 or 3 jets
(MR > 450 GeV or R2 > 0.2)

EleMultiJet � 1 tight electron � 1 b-tag (MR > 300 GeV and R2 > 0.15) and � 4 jets
(MR > 450 GeV or R2 > 0.2)

EleJet � 1 tight electron � 1 b-tag (MR > 300 GeV and R2 > 0.15) and 2 or 3 jets
(MR > 450 GeV or R2 > 0.2)

Hadronic Boxes

MultiJet none � 1 b-tag (MR > 400 GeV and R2 > 0.25) and � 4 jets
(MR > 550 GeV or R2 > 0.3)

2b-Jet none � 2 b-tag (MR > 400 GeV and R2 > 0.25) and 2 or 3 jets
(MR > 550 GeV or R2 > 0.3)

5 The razor variables and kinematic plane

The razor variables MR and R2 are defined studying the dijet topology resulting from the pro-
duction of two squarks, each decaying to a quark and a stable neutralino.

The four-momenta of the two jets are used to compute the MR and MT
R variables, defined as

MR ⌘
q
(pj1 + pj2)

2 � (pj1
z + pj2

z )2 (1)

MR
T ⌘

s
Emiss

T (pj1
T + pj2

T )� ~Emiss
T ·(~p j1

T + ~p j2
T )

2
, (2)

where pji (pji
z) is the absolute value (the longitudinal component) of the ith-jet three-momentum.

MT
R is a transverse variable depending also on Emiss

T while MR only depends on the jet four-
momenta (including the longitudinal components). The razor dimensionless ratio is defined
as

R ⌘ MR
T

MR
. (3)

In this search, we investigate topologies more general than dijet plus missing particles. Each
event is treated as a dijetlike event by clustering the selected physics objects (jets and leptons),

2 2 Definition of MT2 and interpretation

A result was published based on data corresponding to 5 fb�1 at a centre-of-mass energy of
7 TeV in [6]. The present document is a continuation and development of that analysis using
the full 2012 data set, and extends previous results in fully hadronic final states at

p
s = 8 TeV

by the ATLAS [8, 9] and CMS [10, 11] collaborations.

This note is organized as follows: after a brief introduction to MT2 and its salient properties
in Section 2, and a summary of the CMS detector in Section 3, we describe in Section 4 the
data samples used and the event selection. In Section 5, the search strategy is presented and
applied to the inclusive MT2 analysis in Section 6 and to the MT2 Higgs analysis in Section 7. In
these sections, the data-driven background estimations are discussed. The results are presented
in Section 8. We proceed with establishing exclusion limits in Section 10. Finally, Section 11
contains our conclusions.

2 Definition of MT2 and interpretation
The properties of MT2 were discussed in the previous publication [6]. Here, we recapitulate the
most important features. The variable MT2 or stranverse mass was introduced [2] to measure
the mass of primary pair-produced particles in a situation where both ultimately decay into
undetected particles (like neutralino LSPs) leaving the event kinematics underconstrained. It
assumes that the two produced sparticles give rise to identical types of decay chains with two
visible systems defined by their transverse momenta, ~p vis(i)

T , energies Evis(i)
T , and masses mvis(i).

They are accompanied by the unknown LSP transverse momenta, ~pc̃(i)
T . In analogy with the

transverse mass used for the W mass determination, we can define two transverse masses
(i = 1, 2)

(M(i)
T )2 = (mvis(i))2 + m2

c̃ + 2
⇣

Evis(i)
T Ec̃(i)

T � ~p vis(i)
T · ~p c̃(i)

T

⌘
. (1)

These have the property (like for W boson decay) that for the true LSP mass their distribution
cannot exceed the mass of the parent particle of the decay and they present an endpoint at the
value of the parent mass. The momenta ~p c̃(i)

T of the unseen particles are not experimentally
accessible individually and only their sum, the vector of the missing transverse momentum
~pT

miss, is known. Therefore, in the context of SUSY, a generalization of the transverse mass is
needed and the proposed variable is MT2. It is defined as

MT2(mc̃) = min
~pc̃(1)

T +~pc̃(2)
T =~pmiss

T

h
max

⇣
M(1)

T , M(2)
T

⌘i
, (2)

where the LSP mass mc̃ remains as a free parameter. This formula can be understood as follows.
As neither M(1)

T nor M(2)
T can exceed the parent mass if the true momenta are used, the larger of

the two can be chosen. To make sure that MT2 does not exceed the parent mass, a minimization
is performed on trial LSP momenta fulfilling the Emiss

T constraint. The distribution of MT2 for
the correct value of mc̃ then has an endpoint at the value of the primary particle mass. If,
however, mc̃ is lower (higher) than the correct mass value, the endpoint will be below (above)
the parent mass. In this document, we use MT2 as a variable to distinguish SUSY production
events from SM backgrounds, after having clustered the jets to form two pseudo-jets. The
computation of MT2 is done using the code of [12].

A method to subdivide multijet events into two pseudo-jets is the reconstruction of “event
hemispheres” described in [13], Section 13.4. The hemisphere reconstruction works as follows:
first, two initial axes (seeds) are chosen. Here, we take them as the directions of the two mass-
less jets that have the largest dijet invariant mass. Next, the other jets are associated to one of
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measured in the tracking subdetectors results in a pT resolu-
tion between 1 and 5 % for pT ≤ 1 TeV.

The ECAL has an energy resolution of better than 0.5 %
for unconverted photons with transverse energies above
100 GeV. The HCAL, when combined with the ECAL, mea-
sures jets with a resolution !E/E ≈ 100 %/

√
E[GeV] ⊕

5 %. In the region |η| < 1.74, the HCAL cells have widths
of 0.087 in pseudorapidity and 0.087 in azimuth. In the η-φ
plane, and for |η| < 1.48, the HCAL cells map onto 5 × 5
arrays of ECAL crystals to form calorimeter towers pro-
jecting radially outwards from close to the nominal inter-
action point. At larger values of |η|, the size of the tow-
ers increases and the matching ECAL arrays contain fewer
crystals. Within each tower, the energy deposits in ECAL
and HCAL cells are summed to define the calorimeter tower
energies, subsequently used to provide the energies and di-
rections of hadronic jets.

The first level (L1) of the CMS trigger system, composed
of custom hardware processors, uses information from the
calorimeters and muon detectors to select the most interest-
ing events in a fixed time interval of less than 4 µs. The
high-level trigger (HLT) processor farm further decreases
the event rate, from around 100 kHz to around 300 Hz, be-
fore data are stored.

A more detailed description of the CMS detector can be
found in Ref. [34].

4 Event reconstruction and selection

4.1 Definition of αT

The αT [26, 35] variable is used to reject multijet events
efficiently without significant /ET or with transverse energy
mismeasurements, while retaining a large sensitivity to new
physics with final-state signatures containing significant /ET.

The measurement of /ET typically relies on independent
sources of information from each of the calorimeter, track-
ing, and muon subdetectors [36]. Relative to other physics
objects, this measurement is particularly sensitive to the
beam conditions and detector performance. This difficulty
is compounded by the high-energy, high-luminosity hadron
collider environment at the LHC and the lack of precise the-
oretical predictions for the kinematic properties and cross
sections of multijet events.

Given these difficulties, the variable αT was developed to
avoid direct reliance on a measurement of /ET, instead de-
pending solely on the measurements of the transverse ener-
gies and (relative) azimuthal angles of jets, which are recon-
structed from energy deposits in the calorimeter towers [37].
The variable is intrinsically robust against the presence of
jet energy mismeasurements in multijet systems. For dijet

events, the αT variable is defined as [26, 35]:

αT = E
j2
T

MT
, (1)

where E
j2
T is the transverse energy of the less energetic jet

and MT is the transverse mass of the dijet system, defined as

MT =

√√√√
( 2∑

i=1

E
ji
T

)2

−
( 2∑

i=1

p
ji
x

)2

−
( 2∑

i=1

p
ji
y ,

)2

, (2)

where E
ji
T , p

ji
x , and p

ji
y are, respectively, the transverse en-

ergy and x or y components of the transverse momentum of
jet ji .

For a perfectly measured dijet event with E
j1
T = E

j2
T and

jets back-to-back in φ, and in the limit in which the momen-
tum of each jet is large compared with its mass, the value
of αT is 0.5. For the case of an imbalance in the measured
transverse energies of back-to-back jets, αT is reduced to a
value smaller than 0.5, which gives the variable its intrin-
sic robustness with respect to jet energy mismeasurements.
A similar behaviour is observed for energetic dijet events
that contain neutrinos from the decay of a bottom or charm
quark, as the neutrinos are typically collinear with respect to
the axis of the heavy-flavour jet. Values significantly greater
than 0.5 are observed when the two jets are not back-to-back
and are recoiling against significant, genuine /ET.

The definition of the αT variable can be generalised for
events with two or more jets as follows. The mass scale of
the physics processes being probed is characterised by the
scalar sum of the transverse energy ET of jets considered
in the analysis, defined as HT = ∑njet

i=1 E
ji
T , where njet is the

number of jets with ET above a predefined threshold. The
estimator for /ET is given by the magnitude of the trans-
verse momenta pT vectorial sum over these jets, defined

as /H T = |∑Njet
i=1 p

ji
T|. For events with three or more jets, a

pseudo-dijet system is formed by combining the jets in the
event into two pseudo-jets. The total ET for each of the two
pseudo-jets is calculated as the scalar sum of the measured
ET of the contributing jets. The combination chosen is the
one that minimises the absolute ET difference between the
two pseudo-jets, !HT. This simple clustering criterion pro-
vides the best separation between multijet events and events
with genuine /ET. Equation (1) can therefore be generalised
as:

αT = 1
2

× HT − !HT√
H 2

T − /H 2
T

= 1
2

× 1 − (!HT/HT)
√

1 − (/HT/HT)2
. (3)

In the presence of jet energy mismeasurements or neu-
trinos from heavy-flavour quark decays, the direction and
magnitude of the apparent missing transverse energy, /H T,

αT 

MT2 

MR 



* 
An illustrative example: Z→νν+jets,  
irreducible background for Jets+Et

miss search 

Z 

ν 
ν 

 Et
miss 

Z 

µ µ 

γ 

Z→ll+jets γ+jets 
Strength: 
•  very clean, easy to select 
Weakness: 
•  low statistic: factor 6  
 suppressed wrt. to Z →νν  
  

Strength: 
•  large stat, clean for high Eγ 
Weakness: 
•  not clean for Eγ<100 GeV,  
•  theoretical uncertainties 
  23rd July 2014 13 Henning Flaecher - SUSY 2014 Manchester 

Verify MC extrapolation 
factor by “predicting”, 
e.g., Z+jets from W+jets 

Npredicted

signal

=
NMC

signal

NMC

control

⇥Ndata

control
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* 
from full spectra to simplified models 
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What the individual searches 
are sensitive to is much more 
simple…!

Simplified model spectrum (SMS)!
with 3 particles, 2 decay modes!

Interpretation in Simplified Models "
CMSSM!
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What the individual searches 
are sensitive to is much more 
simple…!

Simplified model spectrum (SMS)!
with 3 particles, 2 decay modes!

Interpretation in Simplified Models "
CMSSM!

* often a few dominant decay chains 

* approximate full spectrum by a few decay chains 

Scan any  
combination  
of involved  

sparticle masses 



23rd July 2014 Henning Flaecher - SUSY 2014 Manchester 15 

* 
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* 
* Electroweak production characterized by 
* smaller predicted cross sections  

* lower levels of hadronic activity  

* CMS carried out comprehensive search 
programme covering di-boson + MET final 
states: WW, WZ, ZZ, Wh, Zh, hh 

* with h -> ZZ, WW, γγ, bb 

 

* Higgs discovery opens up new SUSY searches:   
* Lightest neutral CP-even Higgs (h) expected 

to be SM-like, if others are heavy.  

* Charginos and neutralinos decay to h+LSP or 
V+LSP, with V=W,Z.  
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neutralino 
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iggs 
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* 
* hh->bbbb channel 

 

* hh, hZ, and hW channels with one h � γγ decay  
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A Natural Spec)um
M

1 TeV

500 GeV

(

(

)

)

w̃

B̃

t̃1

t̃2

b̃L

Closeness to Higgs

g̃

h̃0
1

h̃0
2

h̃+µ

General “bottom-up” viewpoint

The “Nuclear Family” 
of the Higgs

q̃1,2 b̃R l̃

“Distant 
Cousins”

* 

Natural EWSB & SUSY
* valid beyond MSSM

*

Do not want tuning in (Higgs mass)2

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
m2

U3
+ m2

Q3
+ |At|2

⌘
log

✓
⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(5)

where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation

�m2
H |gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
(6)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be

M3
<⇠ 890 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(7)

In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.

6

1loop

2loop

stops, sbottomL

gluino

Higgsinos

From A. Weiler 

From L. Hall 
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Mass hierarchies  
that avoid 
fine-tuning 



H.Liu 4 20 July 2013 @ EPS HEP 2013 

Δm = m(t~  ) – m(χ    ~  0) Decay modes in the m(t~  ) vs. m(χ    ~  0) plane 
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* 
* Dominant stop decay channel largely 

depends on available phase space 
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*  SUS-13-015 
* Hadronic decay channel, aims at reconstructing tops 

* Uses pTmiss, MT2, MT
Rsys and MT

3jet distributions as discriminating 
variables 
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* 
* Dependence on  

  stop BF 
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inclusive razor analysis all hadronic stop search 
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* Monojet search as function of leading 
jet pT (> 250 GeV, … , >550GeV) 
* MET > 250 GeV 
* Allow for second jet with pT > 60 GeV, 

veto 3rd jet 
* Stop decay “invisible” 
* only soft decay products 
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Table 8: SM background predictions compared with data after passing the selection require-
ments for various pT( j1) thresholds, corresponding to an integrated luminosity of 19.7 fb�1.
The uncertainties include both statistical and systematic terms and are considered to be uncor-
related.

pT( j1) ( GeV/c) > 250 > 300 > 350 > 400 > 450 > 500 > 550
Z ! nn+jets 21209±1115 10077±592 4597±324 2250±197 1250±137 663±94 334±65
W+jets 12328±707 5939±366 2690±180 1246±92 627±52 301±29 150±18
tt̄ 602±301 344±172 178±89 91±46 48±24 27±14 18±9.0
Z ! ``+jets 127±64 75±38 40±20 25±13 17±8.3 11±5.6 7.4±3.7
Single t 172±86 97±49 49±24 21±10 11±5.7 5.2±2.6 3.2±1.6
QCD Multijets 786±473 508±306 304±184 162±99 80±49 52±32 28±18
DiBoson 639±320 369±184 206±103 113±56 64±32 36±18 21±10
Total SM 35862±1474 17409±803 8064±437 3907±250 2098±160 1096±106 563±71
Data 36582 17646 8119 3896 1898 1003 565

from PYTHIA which have a prompt photon with pT > 5 GeV/c, radiated from a quark or
antiquark, are removed from W+jets and Z+jets simulation.

A 50% uncertainty is assigned to these background estimations. An additional uncertainty
on the QCD background, arising from the scale factor calculation, increases the total QCD
uncertainty to approximately 60%.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of pT( j1) is shown in Table 8. No significant deviation
from the SM predictions is observed.

7 Interpretation

To interpret a consistency of the observed number of events with the background expectation
in the context of top squarks decaying to a charm and an LSP, limits are set on the production
cross section of top squarks as a function of the top squark mass and the LSP mass in the
context of et ! cec0 decays. Signal acceptance is greatest for large top squark mass and small
mass differences, where the final state charm jets are softest and events are most boosted; these
events are most ’monojet’ like. Signal acceptances at pT( j1) > 300 GeV/c for all mass points
studied are shown in Fig 5.

The selection of signal events (and therefore the signal acceptance) in this analysis relies on
a high-pT ISR jet, so the modelling of ISR must be reliable. The predicted and measured pT
spectra of recoiling systems against ISR jets is studied in [37] for Z+jets, tt̄ and other processes
and the simulation is found to over predict the data by 20% for ISR jets with pT > 250 GeV/c.
All signal acceptances have therefore been weighted to correct for this difference between data
and simulation.

The total systematic uncertainty on the signal is found to be 25%. This uncertainty is dominated
by the mismodelling of ISR jets, which is assigned an uncertainty of 20% to account for the
above-mentioned difference between data and simulation for ISR jets with pT > 250 GeV/c.
Also considered are the jet energy scale uncertainty (< 5% from the change in acceptance when
varying energy scales up and down), PDFs (⇡ 5%) [34, 38], and the difference in acceptance
that is obtained from generating signal events with up to 3 partons in MADGRAPH rather than

] 2 [GeV/c
1t

~m
100 150 200 250 300 350

] 2
 [G

eV
/c

0 1
χ∼

 m

50

100

150

200

250

300

350

 

o=0θLEP, 
o=56θLEP, 

-1D0: 1fb
-1CDF: 2.6fb

excluded

c+m
0

1χ
∼

 < m
1t~m

b+m
W+m

0
1χ∼ > m

1t~m

 = 8 TeVs, -1L dt = 19.7 fb∫     CMS Preliminary
c NLO+NLL exclusion0

1
χ∼ → t~
 

expσ 1 ±Expected limits   
theoryσ 1 ±Observed limits  

 

23rd July 2014 Henning Flaecher - SUSY 2014 Manchester 25 

*  SUS-13-009 

11

Table 8: SM background predictions compared with data after passing the selection require-
ments for various pT( j1) thresholds, corresponding to an integrated luminosity of 19.7 fb�1.
The uncertainties include both statistical and systematic terms and are considered to be uncor-
related.

pT( j1) ( GeV/c) > 250 > 300 > 350 > 400 > 450 > 500 > 550
Z ! nn+jets 21209±1115 10077±592 4597±324 2250±197 1250±137 663±94 334±65
W+jets 12328±707 5939±366 2690±180 1246±92 627±52 301±29 150±18
tt̄ 602±301 344±172 178±89 91±46 48±24 27±14 18±9.0
Z ! ``+jets 127±64 75±38 40±20 25±13 17±8.3 11±5.6 7.4±3.7
Single t 172±86 97±49 49±24 21±10 11±5.7 5.2±2.6 3.2±1.6
QCD Multijets 786±473 508±306 304±184 162±99 80±49 52±32 28±18
DiBoson 639±320 369±184 206±103 113±56 64±32 36±18 21±10
Total SM 35862±1474 17409±803 8064±437 3907±250 2098±160 1096±106 563±71
Data 36582 17646 8119 3896 1898 1003 565

from PYTHIA which have a prompt photon with pT > 5 GeV/c, radiated from a quark or
antiquark, are removed from W+jets and Z+jets simulation.

A 50% uncertainty is assigned to these background estimations. An additional uncertainty
on the QCD background, arising from the scale factor calculation, increases the total QCD
uncertainty to approximately 60%.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of pT( j1) is shown in Table 8. No significant deviation
from the SM predictions is observed.

7 Interpretation

To interpret a consistency of the observed number of events with the background expectation
in the context of top squarks decaying to a charm and an LSP, limits are set on the production
cross section of top squarks as a function of the top squark mass and the LSP mass in the
context of et ! cec0 decays. Signal acceptance is greatest for large top squark mass and small
mass differences, where the final state charm jets are softest and events are most boosted; these
events are most ’monojet’ like. Signal acceptances at pT( j1) > 300 GeV/c for all mass points
studied are shown in Fig 5.

The selection of signal events (and therefore the signal acceptance) in this analysis relies on
a high-pT ISR jet, so the modelling of ISR must be reliable. The predicted and measured pT
spectra of recoiling systems against ISR jets is studied in [37] for Z+jets, tt̄ and other processes
and the simulation is found to over predict the data by 20% for ISR jets with pT > 250 GeV/c.
All signal acceptances have therefore been weighted to correct for this difference between data
and simulation.

The total systematic uncertainty on the signal is found to be 25%. This uncertainty is dominated
by the mismodelling of ISR jets, which is assigned an uncertainty of 20% to account for the
above-mentioned difference between data and simulation for ISR jets with pT > 250 GeV/c.
Also considered are the jet energy scale uncertainty (< 5% from the change in acceptance when
varying energy scales up and down), PDFs (⇡ 5%) [34, 38], and the difference in acceptance
that is obtained from generating signal events with up to 3 partons in MADGRAPH rather than
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* Stop2  

* Search regions: 
Sensitive to H->bb,  

H->ZZ & H->WW decays 
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Figure 4: Observed data events and predicted SM background for the event sample with at
least three leptons as a function of the number of jets, number of b jets and Emiss

T are shown
for events that do not contain (off-Z), top row, or contain (on-Z), bottom row, an opposite-sign-
same-flavor pair that is a Z boson candidate. The distribution for the models et2 ! Het1 where
met2

= 450 GeV and met1
= 200 GeV and et2 ! Zet1 where met2

= 600 GeV and met1
= 200 GeV

are stacked on top of the backgrounds in the top and bottom rows respectively. The last bin
in the histograms includes overflow events. The shaded bands correspond to the estimated
uncertainties on the background which are calculated on the per bin basis.

6 Interpretation

In the absence of evidence for a signal, the results are used to set limits on the cross section
times branching fraction for pair production ofet2 for the decay modes shown in Fig. 1. Upper
limits on the pair production of et2 are calculated at 95% confidence level (CL) using the LHC-
style CLS method [58, 59]. As explained below, the results from the various signal regions are
combined in the limit setting procedure in order to improve the sensitivity of the search.

The limit calculation on the cross section times branching fraction depends on the signal selec-
tion efficiency and the background estimates. The signal regions with at least three leptons have
the highest expected sensitivity because of the small amount of standard model background.
For signal regions with at least three leptons, in the case of the ttHH signal, off-Z search regions
with high HT (HT > 200 GeV) are used in the interpretation, while for the ttZZ case, both off-Z
and on-Z search regions with high HT are included. The total signal acceptance for all search
regions with at least three leptons varies from around 0.4–0.5% for the ttHH signal, to 1.2–1.5%
for the ttZZ model. The acceptance for the most sensitive search region alone is around ⇠0.1%

SUS-13-024 

*  search with 1l, 2l (SS & OS) and >=3 leptons + b-tags 

*  sensitive to H->bb, H->ZZ & H->WW decays 

*  >=3 lepton selection is the most sensitive 

*  split by on Z and off Z 

*  search closes the gap where mstop-mχ1
0 = mtop 

*  For all points: mstop1-mχ1
0=mtop 
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*   
4 4 Event Selection

We characterize events using the boost-corrected contransverse mass (MCT) [55, 56]. For pro-
cesses with two identical decays of heavy particles, b̃ ! Ji ec0

1, the MCT is defined as:

M2
CT(J1, J2) = [ET(J1) + ET(J2)]

2 � [p
T

(J1)� p

T

(J2)]
2 (2)

= 2pT(J1)pT(J2)(1 + cos Df(J1, J2)),

According to the MCT definition for a given jet pT, events saturate the bound on MCT when
two jets point in the same direction in the transverse plane. The MCT(J1, J2) distribution is
characterized by an endpoint defined by mb̃ and mec0

1
which for the topology in question is at

(m(b̃)2 � m(ec0
1)

2)/m(b̃).

To obtain sensitivity in multiple regions across the (mb̃, mec0
1
) plane, a total of eight exclusive

search regions are defined using MCT and the number of b jets (Nb�jets), as summarized in
Table 1.

Table 1: Definition of eight exclusive search regions.
No. of b-jets MCT MCT MCT MCT
Nb�jets = 1 < 250 GeV 250 - 350 GeV 350 - 450 GeV > 450 GeV
Nb�jets = 2 < 250 GeV 250 - 350 GeV 350 - 450 GeV > 450 GeV

In addition, a set of detector and beam-related cleaning algorithms is applied to remove events
with detector noise, which would fake signal-like events with high energy and large transverse
imbalance [57, 58].

Comparisons of simulation and data for the key variables, Emiss
T and MCT, in the baseline search

regions are shown in Figure 2 for events with Nb-jets=1 and Nb-jets=2, respectively. The number
of events for various SM processes in the signal regions predicted by the simulation are given
in Tables 2 and 3. The event yields from simulation are normalized to the integrated luminosity
of the data used for this analysis. According to the MC simulation, the contribution from QCD
multijet production in the signal region with two b-jets is negligible, so only upper limits on
the QCD process are quoted in Table 3. Simulations of the background processes are given in
Tables 2 and 3 for illustration only; the background estimates for the search result are obtained
from data control regions as described in the next section.

Table 2: Event yields, normalized to the integrated luminosity, from MC simulation after ap-
plying all preselection and baseline cuts in the signal region with one b-jet.

MCT < 250 GeV 250 < MCT < 350 GeV 350 < MCT < 450 GeV MCT > 450 GeV
Z(nn̄)+jets 818±12 367±7.8 59±2.8 16±1.5
W(`n)+jets 398±8.4 149±4.9 17±1.5 6.0±0.9
tt̄ 221±2.5 176±2.2 17± 0.7 2.2±0.2
Single top 33±3.7 13±2.3 0.3±0.3 <0.5
VV 18±0.7 17± 0.6 0.9±0.1 0.3±0.1
ttZ 0.8±0.1 0.5± 0.1 0.2±0.1 <0.04
QCD 12±8.2 6.0± 6.0 < 0.5 <0.5
Total MC 1500±17 729±11 94±3.2 25±1.6

* Search in events with exactly 2 jets with 1 or 2 b-tags 

* Uses MCT as discriminating variable: 

10 2 The models
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Figure 5: Diagram of the 0W and b-enriched hadronic model (T2bb T1bbbb).
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Figure 7: Diagram of the 4 W and b-enriched: topologies T1tttt and T2ttww, a topology that is
visible by all analyses.

of heavier particles. The following topologies are motivated by the possibility that only the282

charginos/neutralinos are kinematically accessible, or that pure Electroweak final states have283

less backgrounds. The diagrams with chargino and neutralino production are given in Fig. 8.284

The processes depicted in the models TChiSlepSlep and TChiSlepSnu are expected in MSSM285

scenarios with left-handed sleptons, and TChiSlepSlep is also expected in the MSSM with right-286

handed sleptons. In those cases, the charginos and neutralinos have been considered with287

equal mass. The slepton and the sneutrino are also considered degenerate. In the TChiSlepSlep288

and the TChiSlepSnu, the democratic scenario of the sleptons is considered. An enriched stau289

version of the TChiSlepSlep is also considered and denoted as TChiStauStau.290

TChizz is a model of the associated production of neutralinos. In general, neutralino pair pro-291

duction is a suppressed process, because of the Majorana nature of neutralinos and the cou-292

plings of the MSSM. We use a SUSY process for the production of a pair of different neutralinos,293

such as ec0
2 ec0

3, with similar masses, as can be realized in a light Higgsino model. These processes294

have kinematics similar to chargino-neutralino production when the masses are chosen appro-295

priately. In Fig. 9 the pt and rapidity of the EWK-inos are compared against each other between296

SUS-13-018 
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*  SUS-13-019 
* Search for excess in MT2 distribution in data binned by HT and 
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2 2 Definition of MT2 and interpretation

A result was published based on data corresponding to 5 fb�1 at a centre-of-mass energy of
7 TeV in [6]. The present document is a continuation and development of that analysis using
the full 2012 data set, and extends previous results in fully hadronic final states at

p
s = 8 TeV

by the ATLAS [8, 9] and CMS [10, 11] collaborations.

This note is organized as follows: after a brief introduction to MT2 and its salient properties
in Section 2, and a summary of the CMS detector in Section 3, we describe in Section 4 the
data samples used and the event selection. In Section 5, the search strategy is presented and
applied to the inclusive MT2 analysis in Section 6 and to the MT2 Higgs analysis in Section 7. In
these sections, the data-driven background estimations are discussed. The results are presented
in Section 8. We proceed with establishing exclusion limits in Section 10. Finally, Section 11
contains our conclusions.

2 Definition of MT2 and interpretation
The properties of MT2 were discussed in the previous publication [6]. Here, we recapitulate the
most important features. The variable MT2 or stranverse mass was introduced [2] to measure
the mass of primary pair-produced particles in a situation where both ultimately decay into
undetected particles (like neutralino LSPs) leaving the event kinematics underconstrained. It
assumes that the two produced sparticles give rise to identical types of decay chains with two
visible systems defined by their transverse momenta, ~p vis(i)

T , energies Evis(i)
T , and masses mvis(i).

They are accompanied by the unknown LSP transverse momenta, ~pc̃(i)
T . In analogy with the

transverse mass used for the W mass determination, we can define two transverse masses
(i = 1, 2)

(M(i)
T )2 = (mvis(i))2 + m2

c̃ + 2
⇣

Evis(i)
T Ec̃(i)

T � ~p vis(i)
T · ~p c̃(i)

T

⌘
. (1)

These have the property (like for W boson decay) that for the true LSP mass their distribution
cannot exceed the mass of the parent particle of the decay and they present an endpoint at the
value of the parent mass. The momenta ~p c̃(i)

T of the unseen particles are not experimentally
accessible individually and only their sum, the vector of the missing transverse momentum
~pT

miss, is known. Therefore, in the context of SUSY, a generalization of the transverse mass is
needed and the proposed variable is MT2. It is defined as

MT2(mc̃) = min
~pc̃(1)

T +~pc̃(2)
T =~pmiss

T

h
max

⇣
M(1)

T , M(2)
T

⌘i
, (2)

where the LSP mass mc̃ remains as a free parameter. This formula can be understood as follows.
As neither M(1)

T nor M(2)
T can exceed the parent mass if the true momenta are used, the larger of

the two can be chosen. To make sure that MT2 does not exceed the parent mass, a minimization
is performed on trial LSP momenta fulfilling the Emiss

T constraint. The distribution of MT2 for
the correct value of mc̃ then has an endpoint at the value of the primary particle mass. If,
however, mc̃ is lower (higher) than the correct mass value, the endpoint will be below (above)
the parent mass. In this document, we use MT2 as a variable to distinguish SUSY production
events from SM backgrounds, after having clustered the jets to form two pseudo-jets. The
computation of MT2 is done using the code of [12].

A method to subdivide multijet events into two pseudo-jets is the reconstruction of “event
hemispheres” described in [13], Section 13.4. The hemisphere reconstruction works as follows:
first, two initial axes (seeds) are chosen. Here, we take them as the directions of the two mass-
less jets that have the largest dijet invariant mass. Next, the other jets are associated to one of
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*  SUS-13-019 
* data-driven background estimations 
* single muon sample for W+jets and tt+jets 

* photon + jets and di-muon sample for Z+jets 

* QCD from MT2 sideband extrapolation 

* Search in bins of MT2 with MT2 > 200 GeV 
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*  SUS-13-019 

* SSIRIONL  

* additional interpretations available  
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* Testing natural SUSY scenario 
with ~TeV gluino, possible 
lighter stops and sbottoms and 
a nearly degenerate chargino/
neutralino triplet.  

* covering all possible 
combinations of partial widths 
to third generation squarks 
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* 
SUS-13-004, SUS-14-011 
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* Direct squark production:  

* sensitivity around 650-750 GeV 
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* 

* Gluino pair production:  

* sensitivity around 1.0-1.3 TeV 

1st & 2nd generation 



* Direct squark production:  

* sensitivity around 650-750 GeV 
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* 

* Gluino pair production:  

* sensitivity around 1.0-1.3 TeV 
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* Direct squark production:  

* sensitivity around 650-750 GeV 
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* 

* Gluino pair production:  

* sensitivity around 1.0-1.3 TeV 
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* 



* General gauge mediated models (GGM) give rise to signals with 
photons. 
* Bino-like neutralino LSP with decay to gravitino + photon  
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Figure 5: Feynman diagram for (a) squark-squark production, (b) squark-squark decaying
through gluino-gluino, and (c) gluino-gluino decaying through squark-squark in the squark-
gluino model and (d) for gluino-gluino in the simplified model T5gg.

In order to derive a limit on a given SUSY model, we use the LHC CLs procedure [40]. The168

signal plus background likelihood function is defined by adding the signal comonent to the169

background component. Additional systematic effects to the normalization and the shape are170

modeled as log-normal systematics. The dependence of the likelihood on the nuisance pa-171

rameters is removed through profiling. The ratio of the profiled likelihoods for the two hy-172

potheses (s fixed to the value under test versus ŝ obtained by maximizing the likelhiood, with173

0 < ŝ < s) is used as the test statistic to associate a CLs value to each value of s.174

Fig 6 shows the excluded region in the (meg, meq) plane for the squark-gluino model, and the (meg,175

ec0
1) plane for T5gg. The red (black) dashed line shows the expected (observed) limit. The thin176

dashed line and band show the 68% range about the expected limit. The solid line quantifies177

the impact of the theoretical uncertainty in the cross section on the observed limit. The color178

code of the temperature plot shows the excluded cross section for each set of mass values.179
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Figure 6: Excluded mass region for (a) squark-gluino model and (b) T5gg. The red (black)
dashed line shows the expected (observed) limit. The thin dashed blue line and band show the
68% range about the expected limit. The black solid line quantifies the impact of the theoretical
uncertainty in the cross section on the observed limit. The color code to the right of the figure
shows the excluded cross section for each set of mass values.

8 Conclusions180

A search for supersymmetry in events with at least two photons and at least one jet is per-181

formed on pp collisions at
p

s = 8 TeV. The signal is characterized as as a wide bump in the182

distribution of the razor kinematic variable MR, for events with large values of the razor ratio183

R2. The signal is determined in a control region at low R2 and extrapolated in the signal region.184

No excess is observed. The result is interpreted in terms of exclusion limits on squark and185

gluinos in GGM-inspired SMS. For comparable parameter space between the GGM and T5gg186

SMS, the T5gg SMS has a lower expected upper limit due to the 100 % branching fraction of the187

neutralino decay.188
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Figure 5: Feynman diagram for (a) squark-squark production, (b) squark-squark decaying
through gluino-gluino, and (c) gluino-gluino decaying through squark-squark in the squark-
gluino model and (d) for gluino-gluino in the simplified model T5gg.

In order to derive a limit on a given SUSY model, we use the LHC CLs procedure [40]. The168

signal plus background likelihood function is defined by adding the signal comonent to the169

background component. Additional systematic effects to the normalization and the shape are170

modeled as log-normal systematics. The dependence of the likelihood on the nuisance pa-171

rameters is removed through profiling. The ratio of the profiled likelihoods for the two hy-172

potheses (s fixed to the value under test versus ŝ obtained by maximizing the likelhiood, with173

0 < ŝ < s) is used as the test statistic to associate a CLs value to each value of s.174

Fig 6 shows the excluded region in the (meg, meq) plane for the squark-gluino model, and the (meg,175

ec0
1) plane for T5gg. The red (black) dashed line shows the expected (observed) limit. The thin176

dashed line and band show the 68% range about the expected limit. The solid line quantifies177

the impact of the theoretical uncertainty in the cross section on the observed limit. The color178

code of the temperature plot shows the excluded cross section for each set of mass values.179
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* Generic search for kinematic endpoint in dilepton mass spectrum, e.g., 
*                                         (produces triangular shape with endpoint) 
*  three body decays of                            (produces an “edge”) 

* Background estimation with opposite sign, opposite flavour leptons 
* Two search regions: central |η| < 1.4, forward 1.6 < |η| < 2.4 

* Signal and background contributions determined from kinematic fit 
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7

function is convolved with a double-sided Crystal-Ball function PDSCB(m``):218

PDSCB(m``) =

8
>><

>>:

A1(B1 � mll�µCB
sCB

)�n1 if mll�µCB
sCB

< �a1

exp
⇣
� (mll�µCB)2

2s2
CB

⌘
if � a1 < mll�µCB

sCB
< a2

A2(B2 +
mll�µCB

sCB
)�n2 if mll�µCB

sCB
> a2

where219

Ai =

✓
ni
|ai|

◆ni

· exp
✓
� |ai|2

2

◆
and Bi =

ni
|ai|

� |ai|.

The full model for DY backgrounds is thus:220

PDY(m``) =
Z

PDSCB(m``)PBW(m`` � m0)dm0.

The signal component is described by a triangular shape, convolved with a Gaussian to account221

for the mass resolution:222

PS(m``) =
1p

2ps``

Z medge
``

0
y · exp

 
� (m`` � y)2

2s2
``

!
dy.

As a preliminary step, a fit is performed separately for electrons and muons in the Drell-Yan223

enriched control region (the same as described for Rout/in in Section 4.2) to extract the shape of224

backgrounds containing a Z boson. The parameters of this shape are then fixed and only the225

normalization of these backgrounds is a free parameter in the fit. No constraint on yield on226

the Z peak is applied. The nominal fit is then performed in the signal region simultaneously227

for the dilepton invariant mass distribution in the e+e�, µ+µ�, and OF final states. The RSF/OF228

factor is treated as a nuisance parameter in the fit, parametrized by a Gaussian PDF with mean229

value and standard deviation given by the values for RSF/OF and its uncertainty, respectively,230

in Section 4.1. The fit is carried out for the central and forward regions simultaneously, the only231

shared parameter being the position of the edge.232

6 Results233

The dilepton mass distributions and the results of the fit in the central and forward signal re-234

gions are shown in Fig. 2. Table 2 presents a summary of the results of the fit. A signal yield of235

126± 41 (22± 20) is obtained when evaluating the signal hypothesis in the central (forward) re-236

gion, with an edge located at 78.7± 1.4 GeV. Alternative flavor-symmetric background shapes237

have been tested, consisting of the sum of three Gaussians as an additional analytical shape238

as well as binned and smoothed histograms taken from the opposite-flavor events. Consistent239

results are observed in all cases.240

Besides the maximum-likelihood fit described above, we perform a counting experiment in the241

mass window 20 < m`` < 70 GeV, with no assumption about a particular signal shape. Fig-242

ure 3 shows the invariant mass distributions for the signal candidate sample and the estimated243

background with 5 GeV binning. For the background prediction, the OF yield in the signal mass244

window is multiplied by RSF/OF and the background prediction for backgrounds containing a245

Z boson in the peak mass window is multiplied by Rout/in.246

Signal as triangular shape  
convolved with Gaussian: 
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* 
SUS-12-019 

* Generic search for kinematic endpoint in dilepton mass spectrum, e.g., 
*                                        (produces triangular shape with endpoint) 
* three body decays of                            (produces an “edge”) 

* In addition, cut and count analysis of events with 20 GeV < mll < 70 GeV 
(no shape assumption) 

 

�̃0
2 ! ll̃! �̃0

1l
+l�

�̃0
2 ! �̃0

1l
+l�



23rd July 2014 Henning Flaecher - SUSY 2014 Manchester 43 

* 
* Good prospects for 

SUSY from energy 
increase from 8->13 
TeV 

* much larger than just 
ratio of CM energies 

* up to factor ~50 for 
pair production of 1.5 
TeV gluinos 

* factor 6 for stop pairs 
of 500 GeV 

* Not only good for 
SUSY but also other 
heavy objects such as 
Z’ etc. 
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* 
* Unfortunately boost in sensitivity 

from increase in CM energy 
doesn’t come for free 

* Currently still uncertain running 
and beam conditions and 
luminosity profile 

* Large increase in pile-up 
guaranteed 

* Effects on: 
*  trigger performance 
*  object reconstruction 
*  isolation variables 

Real data event with 78  
reconstructed verteces  
from high pile-up run 
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* 

* Searches will cover the interesting region of stop masses up to 
1 TeV with 300/fb @ 13 TeV 
* Neutralino masses up to 500 GeV 

* In gluino mediated models, reach up to mgl of 2 TeV 

22 5 Discovery Potential: Supersymmetry

improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5s discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.
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* 
*  Inclusive SUSY Particle Searches with Jets and MET  
*  Kristin Goebel – Tue 14:30, D7 

*  Searches for Direct Electroweak Production of Charginos, Neutralinos and Sleptons with 
Leptons and MET  
*  Santiago Folgueras – Fri 17:10, D1 

*  Searches for Gluino, Stop and Sbottom Production in Channels with b-Jets and MET 
*  Nadja Strobbe, Fri 16:50, D1 

*  Searches for SUSY in Final States with Photons 
*  Gail Hanson, Tue 17:30, D1 

 
*  Searches for Signatures of R-Parity Violating Models 
*  Halil Saka, Mon 14:30, D1 

*  Searches for Dark Matter Production with Mono-objects and MET 
*  Bhawna Gomber, Mon 14:30, F14 



* 
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* 
SUS-13-022 

* 4 b-jet final state 

* Uses MET significance SMET 
as discriminating variable 
as well as ΔR between b-
jets of H candidates and 

of Higgs candidates 

5

gram [39].

For both signal and SM simulated events, the GEANT4 [40] package is used to model the de-
tector and detector response. All MC samples incorporate the CTEQ6L1 or CTEQ6M [41, 42]
parton distribution functions, with PYTHIA used to describe parton showering and hadroniza-
tion. The MC distributions are corrected to account for pileup interactions, as observed in data.
In addition, we correct the simulation so that the b-tagging and misidentification efficiencies
match those determined from control samples in the data. The b-tagging efficiency correction
factor depends slightly on jet pT and has a typical value of 0.95 [27]. Corrections are applied to
the signal samples so that the jet energy resolution matches that in data. A further correction,
implemented as described in Appendix B of Ref. [43], accounts for mismodeling of initial-state
radiation (ISR) in signal events.

6 Double-Higgs-boson selection
To reconstruct the two Higgs boson candidates in an event, we choose the four most b-quark-
like jets based on the value of the CSV discriminating variable. These four jets can be grouped
into three different pairs of Higgs boson candidates. Of the three possibilities, we choose the
one with the smallest difference |Dmjj| ⌘ |mjj,1 � mjj,2| between the two candidate masses.
Methods that use the known mass itself to select the best candidate tend to create an artificial
peak in the background.

After choosing the two Higgs boson candidates, we calculate the distance DR ⌘
p
(Df)2 + (Dh)2

between the two jets for each H ! bb candidate decay. We call the larger of these two values
DRmax. Higgs bosons in signal events generally exhibit a non-zero transverse boost, causing
the two jets from the Higgs boson decay to have similar directions in the laboratory frame. As
a consequence, both DR values and thus DRmax tend to be small. In contrast, for semileptonic
tt events, which represent the dominant background class in this analysis as mentioned above,
three of the jets arise from a top quark that decays to three quarks via a hadronically decay-
ing W boson while the fourth jet arises from a b quark from the semileptonic top-quark decay.
Therefore three of the jets generally lie within the same hemisphere while the fourth jet lies
in the opposite hemisphere. Thus one of the Higgs boson candidates is formed through the
combination of jets from different hemispheres, making DRmax relatively large.

Double-Higgs-boson event candidates are selected using the variables |Dmjj|, DRmax, and the
average of the two Higgs boson candidate mass values hmjji ⌘ (mjj,1 + mjj,2)/2. Specifically,
we require |Dmjj| < 20 GeV, DRmax < 2.2, and 100 < hmjji < 140 GeV. The performance of the
double-Higgs-boson reconstruction procedure for signal events is illustrated in Fig. 2.

The distributions of |Dmjj|, DRmax, hmjji, and SMET for events in the 4b event sample, after
application of the above requirements (except for that on the displayed variable), are shown in
Fig. 3.

7 Studies with background-enhanced data samples
This analysis marks the first time that the SMET variable has been used in a CMS SUSY study.
To establish that the SMET variable does not exhibit unexpected features, we select two special
samples, one enhanced in tt background events and the other in QCD multijet background
events, and compare the observed and predicted SMET distributions. Signal events contribute
minimally to these two samples.
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DRmax. Higgs bosons in signal events generally exhibit a non-zero transverse boost, causing
the two jets from the Higgs boson decay to have similar directions in the laboratory frame. As
a consequence, both DR values and thus DRmax tend to be small. In contrast, for semileptonic
tt events, which represent the dominant background class in this analysis as mentioned above,
three of the jets arise from a top quark that decays to three quarks via a hadronically decay-
ing W boson while the fourth jet arises from a b quark from the semileptonic top-quark decay.
Therefore three of the jets generally lie within the same hemisphere while the fourth jet lies
in the opposite hemisphere. Thus one of the Higgs boson candidates is formed through the
combination of jets from different hemispheres, making DRmax relatively large.

Double-Higgs-boson event candidates are selected using the variables |Dmjj|, DRmax, and the
average of the two Higgs boson candidate mass values hmjji ⌘ (mjj,1 + mjj,2)/2. Specifically,
we require |Dmjj| < 20 GeV, DRmax < 2.2, and 100 < hmjji < 140 GeV. The performance of the
double-Higgs-boson reconstruction procedure for signal events is illustrated in Fig. 2.

The distributions of |Dmjj|, DRmax, hmjji, and SMET for events in the 4b event sample, after
application of the above requirements (except for that on the displayed variable), are shown in
Fig. 3.

7 Studies with background-enhanced data samples
This analysis marks the first time that the SMET variable has been used in a CMS SUSY study.
To establish that the SMET variable does not exhibit unexpected features, we select two special
samples, one enhanced in tt background events and the other in QCD multijet background
events, and compare the observed and predicted SMET distributions. Signal events contribute
minimally to these two samples.
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Figure 3: Distributions of events in the 4b sample, after all signal-region requirements are ap-
plied except for that on the displayed variable, in comparison with simulations of background
and signal events: (top left) |Dmjj|, (top right) DRmax, (bottom left) hmjji, and (bottom right)
Emiss

T -significance SMET. [tt (1l) and tt (2l) refer to tt events in which one or two top quarks de-
cay semileptonically, respectively.] For the signal events, results are shown for higgsino masses
of 200 and 400 GeV. The background distributions are stacked while the signal distributions are
not. The hatched bands indicate the statistical uncertainty of the total SM simulated prediction.

effective at pulling QCD multijet events to smaller values of the respective variable, away from
the signal region of high Emiss

T or high SMET. This establishes that SMET provides better separa-
tion between signal and background events than does Emiss

T , at least for background events in
which large values of Emiss

T (or SMET) arise because of detector mismeasurement.

8 Background evaluation
The SM background is evaluated using an algebraic method based entirely on data. The
method relies on the tagged b-jet event samples introduced in Section 4.

A Higgs boson signal region (SIG) is defined by applying the selection criteria of Sections 3
and 6. For the |Dmjj| and hmjji variables, we therefore require:

• |Dmjj| < 20 GeV;

Example distributions for 4-b events 
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4 Tagging of b jets and b-jet samples
The identification of b jets is performed using the combined secondary vertex (CSV) algo-
rithm [27, 28], which computes a discriminating variable for each jet based on quantities that
are sensitive to b-jet production such as displaced secondary vertices, tracks with large impact
parameters, and kinematical variables like jet mass. We make use of three operating points for
the algorithm, denoted loose, medium, and tight. These three working points yield misidenti-
fication probabilities for light-parton jets of approximately 10%, 1%, and 0.1%, respectively, for
jet pT values around 80 GeV, as determined from samples of multijet and tt events [28].

Three mutually exclusive samples of events with tagged b jets are defined:

• 2b sample: Events in this sample must contain exactly two tight b jets and no medium
b jets;

• 3b sample: Events in this sample must contain two jets that are tight b jets, a third
jet that is either a tight or a medium b jet, and no other tight, medium, or loose b jet;

• 4b sample: Events in this sample must contain two jets that are tight b jets, a third jet
that is either a tight or medium b jet, and a fourth jet that is either a tight, medium,
or loose b jet.

The sample most sensitive to signal events is the 4b sample. The 3b sample is included to im-
prove signal efficiency. The 2b sample is depleted in signal events and is used to help evaluate
the background as described in Section 8.

5 Event simulation
Monte Carlo (MC) simulations of signal and background events are used to optimize selection
criteria, validate analysis assumptions and performance, determine signal efficiency, evaluate
systematic uncertainties, and conduct closure tests. In a closure test, the background evaluation
procedures (Section 8) are applied to MC samples in order to demonstrate the ability of the
procedures to correctly determine the known (MC) number of background events. Note that
the background evaluation procedures themselves do not rely on simulation.

The principal classes of SM background events are described in the Introduction. Of these
processes, all are simulated with the MADGRAPH 5.1.3.30 [29] event generator except for single-
top-quark, WH, and ZH events, which are described using the POWHEG 301 [30] generator, and
VV (diboson) and ttH events, which are described using the PYTHIA 6.4.22 [31] generator. The
SM processes are normalized to cross section calculations valid to the next-to-leading (NLO)
or next-to-next-to-leading order [32–38], depending on availability, and otherwise to leading
order.

For signal events, we assume that the ec0
1, ec0

2, and ec±
1 states are pure higgsinos, and that any

soft SM particles arising from the decays of the ec0
2 and ec±

1 states to the ec0
1 state are too soft to

be detected. For the purposes of event generation, we therefore take the ec0
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to be mass-degenerate, consider ec0
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2 production only, and account for ec0
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production through normalization of the cross section. Signal MC samples are generated for
a range of higgsino mass values mec0

1
using the MADGRAPH 5.1.5.4 generator, taking the LSP

(gravitino) mass to be 1 GeV (i.e., effectively zero). The Higgs boson mass is set to 126 GeV.
Up to two partons from initial-state radiation can be present, in addition to the higgsino pair.
The decays of the ec0

1 higgsinos are described using a pure phase-space matrix element. The
signal event rates are normalized to the NLO cross section calculated with the PROSPINO2 pro-
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Figure 10: Observed numbers of events in the (left) 3b-SIG and (right) 4b-SIG regions, in bins of
Emiss

T -significance SMET, in comparison with the SM background estimates from the likelihood
fit. The hatched bands show the total uncertainty of the background prediction, with statistical
and systematic terms combined. The (unstacked) results for signal events, with a higgsino mass
of either 250 or 400 GeV, are also shown.

Table 4: Observed numbers of events and corresponding SM background estimates from the
likelihood fit for the 3b-SIG and 4b-SIG regions. For the data, the first uncertainty is statistical
and the second systematic.

SMET bin SMET range SM background Data SM background Data
(3b-SIG) (3b-SIG) (4b-SIG) (4b-SIG)

1 30 < SMET < 50 6.7+1.4+1.0
�1.1�0.7 4 2.9+0.8+0.5

�0.6�0.4 4
2 50 < SMET < 100 11.6+1.9+0.9

�1.6�0.7 15 4.9+1.1+1.4
�0.9�0.9 7

3 100 < SMET < 150 2.44+0.84+0.56
�0.64�0.35 1 0.59+0.39+0.09

�0.26�0.09 3
4 SMET > 150 1.50+0.82+0.64

�0.54�0.32 0 0.40+0.39+0.26
�0.22�0.10 0

of SUSY, the expected cross section upper limits reach the level of the predicted cross section
for higgsino masses between around 270 and 350 GeV. However, because of a slight excess of
data events compared to the background expectation [see, e.g., Fig. 10 (right)], we are unable
to exclude the signal hypothesis for any value of higgsino mass. Figure 12 (bottom) expresses
the results in terms of the signal model cross section.

12 Summary
A search is presented for the electroweak pair production of higgsinos in proton-proton colli-
sions at 8 TeV, based on the gauge-mediated-SUSY-breaking scenario of Ref. [18]. The data sam-
ple was collected with the CMS detector in 2012, corresponding to an integrated luminosity of
19.3 fb�1. Each higgsino is presumed to decay to an almost-massless lightest-supersymmetric
particle, which escapes without detection, and to a Higgs boson. The Higgs boson is consid-
ered in its most likely decay mode, namely to a bottom quark-antiquark pair. The analysis is
based on the reconstruction of the two Higgs bosons and on the missing-transverse-energy-
significance variable SMET. The background from standard model processes, which principally
arises from events with a top quark-antiquark pair in which one top quark decays hadronically
while the other decays semileptonically, is evaluated using control samples in the data. The
results are obtained using a global likelihood fit in which the numbers of events in 24 exclusive
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SMET = [30-50], [50-100], [100-150], [>150]  

K. Matchev & S. Thomas,  
Phys. Rev. D 62 (2000) 077702 
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4 Tagging of b jets and b-jet samples
The identification of b jets is performed using the combined secondary vertex (CSV) algo-
rithm [27, 28], which computes a discriminating variable for each jet based on quantities that
are sensitive to b-jet production such as displaced secondary vertices, tracks with large impact
parameters, and kinematical variables like jet mass. We make use of three operating points for
the algorithm, denoted loose, medium, and tight. These three working points yield misidenti-
fication probabilities for light-parton jets of approximately 10%, 1%, and 0.1%, respectively, for
jet pT values around 80 GeV, as determined from samples of multijet and tt events [28].

Three mutually exclusive samples of events with tagged b jets are defined:

• 2b sample: Events in this sample must contain exactly two tight b jets and no medium
b jets;

• 3b sample: Events in this sample must contain two jets that are tight b jets, a third
jet that is either a tight or a medium b jet, and no other tight, medium, or loose b jet;

• 4b sample: Events in this sample must contain two jets that are tight b jets, a third jet
that is either a tight or medium b jet, and a fourth jet that is either a tight, medium,
or loose b jet.

The sample most sensitive to signal events is the 4b sample. The 3b sample is included to im-
prove signal efficiency. The 2b sample is depleted in signal events and is used to help evaluate
the background as described in Section 8.

5 Event simulation
Monte Carlo (MC) simulations of signal and background events are used to optimize selection
criteria, validate analysis assumptions and performance, determine signal efficiency, evaluate
systematic uncertainties, and conduct closure tests. In a closure test, the background evaluation
procedures (Section 8) are applied to MC samples in order to demonstrate the ability of the
procedures to correctly determine the known (MC) number of background events. Note that
the background evaluation procedures themselves do not rely on simulation.

The principal classes of SM background events are described in the Introduction. Of these
processes, all are simulated with the MADGRAPH 5.1.3.30 [29] event generator except for single-
top-quark, WH, and ZH events, which are described using the POWHEG 301 [30] generator, and
VV (diboson) and ttH events, which are described using the PYTHIA 6.4.22 [31] generator. The
SM processes are normalized to cross section calculations valid to the next-to-leading (NLO)
or next-to-next-to-leading order [32–38], depending on availability, and otherwise to leading
order.

For signal events, we assume that the ec0
1, ec0

2, and ec±
1 states are pure higgsinos, and that any

soft SM particles arising from the decays of the ec0
2 and ec±

1 states to the ec0
1 state are too soft to

be detected. For the purposes of event generation, we therefore take the ec0
1 and ec0

2 higgsinos
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2 production only, and account for ec0
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production through normalization of the cross section. Signal MC samples are generated for
a range of higgsino mass values mec0

1
using the MADGRAPH 5.1.5.4 generator, taking the LSP

(gravitino) mass to be 1 GeV (i.e., effectively zero). The Higgs boson mass is set to 126 GeV.
Up to two partons from initial-state radiation can be present, in addition to the higgsino pair.
The decays of the ec0

1 higgsinos are described using a pure phase-space matrix element. The
signal event rates are normalized to the NLO cross section calculated with the PROSPINO2 pro-
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improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5s discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.
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* 

* Searches will cover the interesting region of stop masses 
up to 1 TeV with 300/fb @ 13 TeV 

* Neutralino masses up to 500 GeV 

* In gluino mediated models, reach up to mgl of 2 TeV 
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Figure 5: The projected 5s discovery reach for a simplified model describing gluino production,
with each gluino decaying to a tt̄ pair and an LSP, for 300 fb�1 (dashed curves) and 3000 fb�1

(solid curves). The discovery reach is shown for hPUi = 0 (black) and hPUi = 140 (magenda).

those of events with larger b-tag multiplicities. To correct for any residual dependencies, we
assign correction factors (kCS) from simulation. The uncertainty of these factors is of the order
of 30% and mainly caused by the limited statistics of the Delphes samples.

Figure 5 illustrates the 5s discovery potential for a center-of-mass energy
p

s = 14 TeV and
an integrated luminosity of 300 fb�1 and 3000 fb�1. The discovery range of gluinos can be
enhanced by 300 GeV for from 300 fb�1 to 3000 fb�1 up to 2.2 TeV, for a c0

1 with mass of up to
1.2 TeV. The mass reach is mitigated due to pileup by about 100 GeV.

5 EWKino search with final states including three leptons and

missing transverse energy

Searches for the direct electroweak production of SUSY particles are challenging at the LHC
due to its low production cross section and low hadronic activities in the event. The mass reach
for weakly-produced SUSY particles is generally weaker than that for the strongly-produced
SUSY particles; however, the large integrated luminosity expected from HL-LHC would allow
extending our sensitivity to weakly-produced SUSY particles significantly. In this section, fu-
ture sensitivities of the analysis designed to discover the direct production of charginos (c±

1 )
and neutralinos (c0

2), that decay via a W and Z boson, are presented based on a CMS 8 TeV
search [12]. Depending on the actual flavor structure of the c0

2, the concurrent c0
2 decay mode

can also be c0
2 ! Hc0

1. However, as a baseline for this study we assume the simplified model
presented in Fig. 6 with Br(c0

2 ! Zc0
1) = 100%. In order to reduce the background as efficiently

as possible, we concentrate on the decays where both bosons decay leptonically, leading to a
final state with three leptons.

We select muons and electrons with a transverse momentum of at least pT > 10 GeV. The
leading lepton is required to have pT > 20 GeV, corresponding to the trigger thresholds in

* 
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Table 2: Standard model background predictions for the different scenarios at 3000 fb�1.

Phase I Phase I Phase II Conf3
Selection in GeV hPUi=0 hPUi=140 hPUi=140

yield ± uncert. yield ± uncert. yield ± uncert.
0 <MT < 120 0 <ET/ < 60 (7.3 ± 0.7)⇥105 (8.0 ± 1.2)⇥ 105 (9.3 ± 1.2)⇥ 105

0 <MT < 120 60 <ET/ < 120 (1.8 ± 0.2)⇥105 (8.4 ± 1.2)⇥ 105 (9.3 ± 1.1)⇥ 105

0 <MT < 120 120 <ET/ < • (5.6 ± 0.8)⇥104 (3.3 ± 0.7)⇥ 105 (3.3 ± 0.7)⇥ 105

120 <MT < 200 0 <ET/ < 120 (7.9 ± 0.8)⇥103 (7.7 ± 0.7)⇥ 104 (8.2 ± 0.7)⇥ 104

120 <MT < 200 120 <ET/ < 200 (1.2 ± 0.2)⇥103 (4.0 ± 0.7)⇥ 104 (4.3 ± 0.7)⇥ 104

120 <MT < 200 200 <ET/ < • 359 ± 84 (5.7 ± 2.3)⇥ 103 (4.8 ± 2.1)⇥ 103

200 <MT < 400 0 <ET/ < 200 (2.3 ± 0.2)⇥103 (1.5 ± 0.2)⇥ 104 (1.5 ± 0.2)⇥ 104

200 <MT < 400 200 <ET/ < 400 303 ± 52 (1.6 ± 0.5)⇥ 103 (1.4 ± 0.5)⇥ 103

200 <MT < 400 400 <ET/ < • 24 ± 4 69 ± 35 39 ± 12
400 <MT < 700 0 <ET/ < 300 249 ± 24 395 ± 58 390 ± 42
400 <MT < 700 300 <ET/ < 700 67 ± 13 95 ± 19 100 ± 24
400 <MT < 700 700 <ET/ < • 1.1 ± 0.4 1.3 ± 0.5 1.4 ± 0.4
700 <MT < • 0 <ET/ < 400 30 ± 3 27 ± 3 27 ± 3
700 <MT < • 400 <ET/ < 900 32 ± 5 31 ± 5 30 ± 5
700 <MT < • 900 <ET/ < • 1.4 ± 0.4 1.5 ± 0.5 1.2 ± 0.4
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Figure 8: 5s discovery reach for the simplified model describing the direct production of
charginos and neutralinos, that decay to 100% via a W and Z boson for 3000 fb�1 (left), for
a mean of 140 pileup events with the upgraded Phase II detector (solid magenta line), and also
for zero pileup with the Phase I detector (black solid line). Results for 300 fb�1 with zero pileup
are displayed as dashed lines. A c0

2 ! Zc0
1 branching ratio of 100% may be not realistic. To

illustrate the migration of the discovery reach due to a smaller branching ratio, we show here
for illustration the result for a branching ratio of 50% as well (right).

6 Dark matter search in vector boson fusion processes

Vector boson fusion processes [5, 6] at the LHC provide a unique opportunity to search for new
physics with electroweak couplings [33–35]. In this section, studies on detecting supersymmet-
ric dark matter produced directly at HL-LHC in VBF processes are reported. Here we consider
a model in which the lightest neutralino c̃0

1 is the LSP, a viable candidate of DM. The c̃0
1 and c̃±

1
are mainly Wino and nearly mass-degenerate, so that both c̃0

1 and c̃±
1 are invisible in the detec-

tor. These c̃0
1 or c̃±

1 could be produced directly at the LHC through VBF processes as shown in

10 5 EWKino search with final states including three leptons and missing transverse energy

p1

p2

�̃±
1

�̃0
2

W

Z

�̃0
1

�̃0
1

Figure 6: Feynman diagram for direct chargino-neutralino production. The chargino decays via
a W boson into the LSP, and the neutralino decays via a Z boson into the LSP. We concentrate
on scenarios where both leptons decay leptonically.

2012. Additionally, the leptons are required to be within |h| < 2.4. We require the presence
of a pair of leptons with same flavor and opposite charge (OSSF), which forms most likely the
Z boson. If more than one OSSF pair is found, the pair closest to the Z-boson mass is chosen,
and the remaining lepton is assigned to the W decay. The OSSF pair invariant mass has to be
close to the Z boson mass (between 75 GeV and 105 GeV). The two LSPs in the final state escape
the detector without any interaction, leading to missing transverse energy in the detector. A
large number of pileup events results in worse ET/ resolution and thus degrades the sensitivity
in this search. These selection requirements are inherited from the CMS 8 TeV search and not
optimized to a 14 TeV search at high pileup.

Several standard model processes lead to a similar signature of three leptons and high ET/ in the
final state, mainly WZ production, followed by tt̄ background, rare processes, and single-boson
production. All four backgrounds are discussed in detail below.

The WZ production results in almost the same signature, but the source of ET/ for this back-
ground is the decay of the W boson. Therefore, we introduce the variable MT defined as:

MT =
q

2ET/ p`3
T [1 � cos (Df(`3, ET/ ))] (3)

where p`3
T is the lepton assigned to the W. For WZ background the variable MT should have a

sharp kink at the W boson mass of about 80 GeV. It has been shown that this variable has a good
discrimination power between signal and WZ background. In the 8 TeV CMS search [12], the
prediction of this background relies mostly on simulation. A comparison between the Delphes
simulation and the full detector simulation shows good agreement, assuring that also a pre-
diction with Delphes will lead to similar results as the prediction for the 8 TeV search with full
simulation.

The second most important background is tt̄ production, where two leptons come from W
decay and one lepton produced in a jet passes the lepton isolation criteria and will be identified
as isolated lepton. Jets containing a b quark have a higher probability for this. Backgrounds
from tt̄ are suppressed by vetoing events with b-tagged jets.

Several rare processes can have three leptons in the final state, including triple boson produc-
tion, tt̄ + boson production and Higgs-boson production. These backgrounds have one thing
in common, the small cross section. Since some of these backgrounds could have intrinsic ET/
in the final state, they become important at high ET/ and high MT .

Single-boson backgrounds have at most two prompt leptons in the final state. But here again
additional leptons might escape a jet, or a hadron could be misidentified as lepton. This kind
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Figure 4: Example of the gluino-induced stop quark production mechanism.

The preselection of events is based on the reconstruction of an isolated lepton (electron or
muon) and multiple jets. The selection criteria are as follows:

• An isolated electron (muon) with pT > 20 GeV and |h| < 2.5 (2.1);
• Veto of additional leptons (electrons or muons) with pT > 15 GeV and |h| < 2.5;
• At least six jets with pT > 40 GeV and |h| < 2.4;
• At least one of the jets identified as originating from a b-quark;
• HT > 500 GeV, where HT is the scalar sum of the pT of all jets in the event with

pT > 40 GeV and |h| < 2.4;

• Slep
T > 250 GeV, where Slep

T is defined as the scalar sum of the missing transverse
energy, ET/ , and the pT of the charged lepton.

After preselection, the sample is dominated by single-lepton tt̄ events. This background is
reduced by applying a further requirement on the azimuthal angle between the W candidate
and the charged lepton. The W candidate transverse momentum is obtained as the vectorial
sum of the transverse momentum of the charged lepton, and the missing transverse energy,
ET/ , which is calculated including all particle flow objects [32]. As discussed in [11], leptons
that arise from W decays have a small angle with respect to the W candidate, whereas in SUSY
decays the lepton is almost uncorrelated with the ET/ and thus with the resulting W candidate.
Therefore, Df(W, `) < 1 is selected as the control region and Df(W, `) > 1 is defined as the
signal region for the search. A transfer factor RCS is determined, either from simulation or from
data, which is defined as follows:

RCS =
Nsignal

Ncontrol
=

Number of events with Df(W, `) > 1
Number of events with Df(W, `) < 1

. (1)

Once RCS is known, the number of SM events in the signal region in the data can be estimated
from the number of data events in the control region:

Npred
SM (Df(W, `) > 1) = RCS · Ndata(Df(W, `) < 1). (2)

The dominant background in the signal region is di-leptonic tt̄. The search is performed in bins
of b-tag multiplicity and of Slep

T .

The effect of the increased pileup on the search has been studied in detail for this analysis using
the Phase I detector configuration, for two different pileup scenarios, with zero and 140 pileup
events. It has been found that the background estimation method will work also under harsh

6 4 Search for gluinos decaying to top quarks and neutralinos in the single lepton final state
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Figure 3: The projected 5s discovery reaches for pair production of gluinos decaying to four
quarks and two LSPs. The blue curve is for 300 fb�1 data with the Phase I detector. The red
curve is for 3000 fb�1 with the Phase II Conf3 detector. The result is not very sensitive to differ-
ent detector and pileup scenarios, therefore only the result for one configuration is shown.

hPUi = 0 and 140, for the 3000 fb�1 scenario. The expected signals of gluino-gluino production
are also included for illustration purposes.

The HT and HT/ distributions with and without pileup interactions agree quite well with each
other, indicating that pileup interactions do not have a major impact in the search regions con-
sidered here.

The 5s discovery reach for the 3000 fb�1 and 300 fb�1 scenarios at
p

s = 14 TeV are shown in
Fig. 3. Gluino masses up to ⇠ 2.2 (1.8)TeV and LSP masses up to ⇠ 500 (400)GeV can be
discovered at 14 TeV with an integrated luminosity of 3000 (300) fb�1.

4 Search for gluinos decaying to top quarks and neutralinos in the

single lepton final state

Here we present projections on the sensitivity of the search for gluino production, where gluinos
decay preferably to third generation quarks and the LSPs, in events with one lepton (electron
or muon), large transverse missing energy, and several jets, some of which are identified as
originating from b quarks. This analysis is based on a CMS 8 TeV analysis [11] with optimized
search regions.

The relevant backgrounds in this search arise from tt̄ + jets, W/Z + jets, tt̄ + W/Z, and single-top
quark production. As signal we have chosen the topology where a pair of gluinos is produced
and each gluino decays to a pair of tt̄ quarks and a c̃0

1 as shown in Fig. 4.

The final state consists of 4 W bosons, from the decay of the top quarks, leading with high
probability to at least one lepton from one of the W decays, and to large values of missing
transverse energy.

3

vertices, and all particles from both the pileup and primary interactions are included in the
object reconstruction. For pileup interactions with a larger z-vertex difference to the primary
vertex, the subtraction of charged pileup particles within the tracker volume is applied with
an efficiency of unity. The FastJet area method [15] is applied to correct measurements of jets
and energy in the calorimeters for the contribution from neutral pileup particles and charged
pileup particles outside the tracker acceptance.

About 10 to 100 million events per background process are produced with MADGRAPH5 [16],
including up to four extra partons from initial and final state radiation, matched to PYTHIA6
for fragmentation and hadronization. The background cross section is normalized to next-to-
leading order (NLO) in the background production process, which is based on the work in
preparation for the Snowmass summer study 2013 and discussed in more detail in Refs. [17–
19]. While we studied all the major sources of background events, not all background processes
with low cross sections that might become relevant at 3000 fb�1 are included in these prelimi-
nary studies.

The VBF signal is produced with MADGRAPH5. The other signal samples are generated with
PYTHIA6 and passed through the Delphes simulation. For PYTHIA6 the tune Z2⇤ [20] is always
used. The signal cross sections are calculated at LO for the VBF DM production and to NLO
with Prospino2 [21, 22] for the other signal models.

In addition, a few SM processes are produced with a GEANT4 [23] based ”full simulation” to
validate the Delphes simulation.

3 Search for SUSY in final states with jets and missing hadronic

energy

This search targets R-parity conserving SUSY scenarios, where heavy colored particles are pro-
duced, relying on the assumption that long decay chains lead to signatures with multiple jets
and large missing transverse momentum. Several searches were performed by the CMS Col-
laboration based on data taken at 7 and 8 TeV [24–26], also exploiting search variables such as
aT [27–29], Razor [30], and MT2 [31].

The signal considered in this study is gluino pair production, in which each gluino decays to
two jets and the LSP as shown in Fig. 1.

P1

P2

g̃

g̃

q̄

q

�̃0
1

�̃0
1

q̄

q

Figure 1: Diagram of gluino-gluino production in which each gluino decays to two jets and the
LSP.

The signal is expected to lead to a large amount of hadronic energy HT = Âjets pT for jets with
pT > 50 GeV and |h| < 2.5, in conjunction with missing hadronic transverse energy which is

SMS assume 100% BF for these decays! 
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Figure 7: MT2 distributions from data-driven background estimates compared to data for low
HT (left), medium HT (middle), and high HT (right). The topological region in the jet � b-jet
multiplicity is given in each plot. They are from top to bottom: Nj = 2 and Nb = 0, Nj = 2
and Nb � 1, 3  Nj  5 and Nb = 0. The data correspond to an integrated luminosity of
19.5 fb�1. All selection cuts are applied. The uncertainty band drawn in this figure does not
contain shape uncertainties of the lost-lepton estimate.

8.2 Results for the MT2 Higgs analysis

Here we present the results for MT2 Higgs analysis, the search for h0 ! bb̄ produced within
SUSY cascades.

The background is estimated as described in Section 7. Background predictions and the data
yields are summarized in Table 3. Figure 11 shows the data-driven background prediction
compared to data corresponding to 19.5 fb�1. A possible signal distribution is also shown.

8.2 Results for the MT2 Higgs analysis 17
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Figure 8: MT2 distributions from data-driven background estimates compared to data for low
HT (left), medium HT (middle), and high HT (right). The topological region in the jet � b-jet
multiplicity is given in each plot. They are from top to bottom: 3  Nj  5 and Nb = 1,
3  Nj  5 and Nb = 2, Nj � 6 and Nb = 0. The data correspond to an integrated luminosity
of 19.5 fb�1. All selection cuts are applied. The uncertainty band drawn in this figure does not
contain shape uncertainties of the lost-lepton estimate.

Table 3: Prediction of the W(ln)+jets and tt̄+jets backgrounds from lost-lepton data estimate,
and of the Z(nn̄)+jets background from simulation, for the low and high HT regions within the
mass range 20  Mbb < 200 GeV, compared to data.

Channel Lost lepton Z(nn̄)+jets Total background Data
low HT 37.1 ± 9.0 6.9 ± 6.9 44.0 ± 11.3 55
high HT 64.8 ± 16.4 4.4 ± 4.4 69.2 ± 17.0 81

18 9 Statistical interpretation of the results
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Figure 9: MT2 distribution from data-driven background estimates compared to data for low
HT (left), medium HT (middle), and high HT (right). The topological regions in the jet � b-jet
multiplicity is given in each plot. They are from top to bottom: Nj � 6 and Nb = 2, Nj � 6 and
Nb = 2, Nj � 3 and Nb � 3. The data correspond to an integrated luminosity of 19.5 fb�1. All
selection cuts are applied. The uncertainty band drawn in this figure does not contain shape
uncertainties of the lost-lepton estimate.

9 Statistical interpretation of the results
Upper limits are set on a potential signal scenarios. A test on the background-only and sig-
nal+background hypotheses is performed using a modified frequentist approach, often re-
ferred to as CLs [41, 42].

The contents of the low signal-to-background bins are important for the proper interpretation
of the high signal-to-background bins. Therefore, a multi-bin approach is used in the analysis:
We build a joint likelihood by comparing the observation with the background predictions in
all signal bins. A likelihood function is constructed as the product of Poisson probabilities for
each bin of Nj, Nb, HT, and MT2. The Poisson probabilities are functions of the number of
observed events in each bin, ni, and the predictions in each bin, li, where i ranges from 1 to the
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* Slightly modified search cuts: 

* Look for excess in invariant mass 
distribution of two b-jets 
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the Z(nn̄)+jets contribution is small compared to the other backgrounds and the simulation is
used with an uncertainty of 100%. It has been checked in dileptonic events with Nb � 2 in
the data that no excess over the estimate from simulation is observed, justifying the use of the
simulation.

7 The MT2 Higgs analysis
This section presents a search for a light MSSM Higgs boson (h0) produced in a cascade of
supersymmetric particles starting with the strong production of squarks (q̃) and gluinos (g̃).
Because of this production mechanism, the events can be efficiently triggered using the same
triggers as in the inclusive MT2 analysis, and the dominant decay mode of the Higgs boson,
h0 ! bb̄ can be exploited. The Higgs boson mass can be extracted from the reconstructed dijet
mass distribution.

The main decay mode of the lightest MSSM Higgs boson (h0) is the decay into a pair of bottom
quarks (bb̄). Without additional particles in the final state, events containing the bb̄ topology
cannot be triggered due to overwhelming multijet backgrounds. In case of production of h0

in the decays of neutralinos (mainly c̃0
2 ! c̃0

1 + h0), h0 would be produced together with a
neutralino c̃0

1, therefore a minimum threshold on MT2 allows to exploit the bb̄ configuration,
because the multijet background is efficiently reduced. As the neutralino c̃0

2 can be typical
decay product of squarks and gluinos, the cross section can be very high [39, 40].

This analysis is defined complementary to the inclusive MT2 analysis. The final state is char-
acterized by at least two b jets, significant Emiss

T , which is due to the production of the LSP,
and multiple hard jets. In principle, the main background may come from supersymmetric
processes themselves, for example b quarks are produced in sbottom quark decays. Also SM
processes can produce multijet+Emiss

T final states and contribute to the background: tt̄+jets,
W(ln)+jets and Z(nn̄)+jets production. Therefore, a search is based on a reduced phase-space
with respect to the inclusive MT2 analysis:

• Nj � 4,

• Nb � 2, with pT � 20 GeV1,
• 450  HT < 750 GeV, Emiss

T > 200 GeV, and MT2 > 200 GeV - called the low HT
region,

• HT � 750 GeV, Emiss
T > 30 GeV, and MT2 > 125 GeV - called the high HT region.

The MT2 requirement is chosen such that the expected contribution of the multijet background
to the total SM background is negligible. For the low HT region it is set to 200 GeV, as below
that the MT2 distribution is distorted by the Emiss

T requirement due to the trigger.

For each selected event, a pair of b jets is selected as we are searching for h0 decay into bb̄. To
this purpose, the hemisphere division algorithm previously introduced (see Section 2) is used.
The two b jets coming from the h0 decay are expected to belong to the same hemisphere, since
they both belong to the same decay branch and are expected to have a sizeable boost. The
pair with the minimal angular distance DR(b1, b2) =

p
(Df)2 + (Dh)2 is selected if it satisfies

DR(b1, b2) < 1.5. In case no such pair is found within one hemisphere, we lift that constraint
if the DR(b1, b2) requirement is still respected. This choice is made because the hemisphere
division algorithm is not fully efficient, with an intrinsic inefficiency, which has been evaluated

1This is the only difference for b jets with respect to the inclusive MT2 analysis, where only b jets with pT �
40 GeV are used.


